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Abstract 
Large volume of CO2 may be stored in depleted oil and gas reservoirs or in deep saline aquifers to mitigate global 
warming. Once injected, monitoring is of essential need to ensure that the injected CO2 is in place and does not 
disturb the integrity of formation reservoirs. To this purpose, detection of any risk conditions of fluid leakage to 
overlying formations is critical. We previously presented the applicability of a pressure monitoring to directly 
monitor the leakage of carbon dioxide or subsurface brine by measuring the pressure of the upper formation based on 
the idea of quick response of pressure propagation in a porous media. Especially, it was reported that the pressure 
monitoring is useful even in the offshore storage site where conventional monitoring method in the onshore site 
cannot be applied, and it might be cost-effective if the pressure sensor is installed in the injection well. However, the 
preliminary results based on the numerical simulation are in need to be further investigated with field measurement 
under a variety of conditions. These various conditions are studied by conducting sensitivity analysis on the pressure 
change and the detection time. 
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1. Introduction 
There are a number of techniques that can be used to monitor the distribution and migration of CO2 in 
the subsurface. Potential or existing monitoring methods are mostly geophysical techniques, such as 
seismic (both surface and borehole), electromagnetics, gravity, and well logging[1]. A wide variety of 
tools have been tested. In addition to the geophysical methods, other techniques can be used to improve 
quantitative interpretation and to make monitoring easy to implement. Instrumentation of the injection 
well can include bottomhole fluid temperature and pressure measurements to obtain information of the 
reservoir. Another method is monitoring pressure changes in observation wells open to a permeable 
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monitoring zone overlying the target storage reservoir[2]. Regarding the previous studies related to the 
pressure monitoring, there are little to be found in the literature. Chabora and Benson focused on the 
vertical migration across the cap rock and the associated pressure changes analytically in the overlying 
monitoring zone with observation well. Nogues et al. [3] proposed a simple analytical solution to detect 
the leakage from measuring pressure and identify the preferred location of a monitoring well. Park et al. 
[4] proposed a pressure monitoring technique as depicted in Fig. 1 to warn CO2 leakage from the storage 
site with the pressure gauge inside the casing in the monitoring zone isolated from possible 
communication with neighboring layers and showed the possibility as a useful tool to detect any possible 
leakage of CO2 injected into storage reservoirs. 
 
 
Fig. 1. Schematic diagram of the pressure monitoring. 
In this study, we have carried a further sensitivity study for the previous pressure monitoring that we 
proposed to investigate which properties are critical to the pressure changes. The sensitivity study was 
focused on the effects of several key variables on pressure changes numerically calculated in the 
monitoring zone. A generalized equation-of-state model compositional reservoir simulator (GEM), a full 
compositional simulator, to model reservoirs wherever the importance of the fluid composition and their 
interactions are essential, is used [5] for modeling two-dimensional simplified cases and three-
dimensional real cases. 
2. A Test problem 
As explained in our previous study[4], we investigated the applicability of the proposed pressure-
monitoring method for detecting any possible leakage during CO2 injection through a two-dimensional 
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simplified problem in Fig. 2. We use the identical test problem for sensitivity analysis. The problem is 
intended to test the nature of the pressure monitoring method with injection of supercritical CO2 into the 
Utsira formation at the Sleipner gas field. Based on the characteristics of the Sleipner storage site, a test 
reservoir is reformulated to capture the characteristics of the Sleipner in a two-dimensional domain. In 
particular, the geometry such as the formation thickness and the location of the injection well and the 
reservoir pressure are kept referenced from [6]. However, several adjustments had to be made in this 
paper. For instance, the CO2 injection rates (500,000 tons per year) and the permeability (1,000 md) have 
to be adjusted in order to avoid the boundary interference given the discretized problem domain.  
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Fig. 2. Grid system, and initial and boundary conditions for the test problem. 
Pressure change in the monitoring zone alone in Fig. 1 is useful as referenced to the no-leakage 
scenario. Given the leakage scenarios at different locations, any pressure change detected by the pressure 
sensor can mean any connectivity to the upper formation. Depending on the magnitude, this detection can 
be used to warn any possible connectivity in the formation in advance. In summary, no change means no 
leakage. As for the magnitude of pressure change, the magnitude as a significant change is studied by 
Chabora and Benson [2]. They suggested that a cutoff range between 1,000 and 10,000 Pa can be used to 
categorize the detection potential as either unlikely (<1,000 Pa), marginal (1,000 10,000), or likely 
(>10,000 Pa) based on specifications of downhole gauges. Therefore, the pressure difference bigger than 
10 kPa is a safe cutoff range to detect any pressure change in this study. We concluded that the most of 
the pressure change is well-detectable by the sensor in Fig. 3. However, the time to reach the minimum 
pressure change varies as the values of permeability vary.  
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Fig. 3. Pressure changes at the overlying formation to the leaking point (a) overall pressure responses (b) detection time [4]. 
3. Results and Discussion 
The test examples are solved in three different leakage scenarios. First, a reference case is set to have 
no leakage from the CO2 storage reservoir. Second, a leakage is introduced to the reference case through 
the short cut from the storage formation to the monitoring point in the overlying layer. Last, the leakage of 
CO2 is moved to occur through the faults far away from the injection well. This case is expected to have 
the smallest pressure response among the three cases. Leaking points are presented in Fig. 2.  
3.1. Simulations with different key input data  
In addition to the sensitivity analyses on distance and vertical permeability of the leaking block in the 
previous study with respect to the detection limit of the pressure change by the sensors, we have 
conducted additional sensitivity analyses on the horizontal permeability for the problem of the case of 
leakage at 3 km in Fig. 4, the vertical permeability in Fig. 5, the permeability with the same horizontal to 
vertical permeability ratio of 0.1 in Fig. 6, the residual CO2 saturation in Fig. 7 and the injection rate in 
Fig. 8.  These showed that the pressure changes are detectable by the sensors at the upper formation.  But 
the trends are different from others. It was observed that the most influential formation property is 
permeability while the residual CO2 saturation doesn t affect the results because there is only drainage 
process in the system. Regarding the trends, the smaller horizontal permeability delayed the detection time 
with the same slope of the curve. The smaller vertical permeability and the injection rate showed the 
lower slope of the pressure changes. In the comparison of pressure distributions in Fig. 10, CO2 is 
distributed still nearly around the injection well, while the pressure response is detected at the monitoring 
sensor in Fig 9. This pressure response enables us to detect any possible connectivity to the upper 
formation (i.e., leakage) only by monitoring pressure of the upper formation at least in 60 days before the 
actual arrival of the leaking CO2 through any path to the upper formation is made. 
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Fig. 4. Effect of horizontal permeability on the pressures.                 Fig. 5. Effect of vertical permeability on the pressures at the 
shallower formation. 
  
Fig. 6. Effect of horizontal & vertical permeability.                        Fig. 7. Effect of residual CO2 saturation on the pressure changes. 
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Fig. 8. Effect of injection rate on the pressures.                               Fig. 9. Comparison of pressure changes for the different 
sensitivity cases. 
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Fig. 10. CO2 saturation at 365 days under different sensitivity cases. 
3.2. Sensitivity analysis based on small-perturbation approach 
Sensitivity analysis is a useful method for the assessment of parameters because it allows us to 
compare across the various parameters to see which parameter have the greatest impact on the output such 
as the detect time or pressure changes at the shallower formation [7]. Logarithmic sensitivities were used 
 Yong-Chan Park et al. /  Energy Procedia  37 ( 2013 )  4207 – 4214 4213
to compare input parameters in Table 1 and output functions of the detection time and the pressure change. 
In the case of leakage at 0 km, the injection rate was the most dominant for the logarithmic sensitivities of 
the detection time while it became less important than the horizontal or vertical permeability for the case 
of leakage at 3 km.  
Table 1. Logarithmic sensitivities of key parameters on the detection time. 
Case Logarithmic Sensitivities of detection time 
Case L0  
Horizontal permeability 0.051 
Vertical permeability 0.051 
Injection rate 0.326 
Residual CO2 saturation 0.0 
Case L3  
Horizontal permeability 0.529 
Vertical permeability 0.540 
Injection rate 0.163 
Residual CO2 saturation 0.0 
 
Fig. 11 shows the logarithmic sensitivities of the same input parameters with the detection time on the 
pressure change. The effect of the residual CO2 saturation seemed negligible especially in case of leakage 
at 3 km and the most influential input was the horizontal permeability. In the early stage we could see the 
difference among the parameters but the difference became smaller over time. 
 
 
Fig. 11. Logarithmic sensitivities on pressure changes at the overlying formation (a) in the case of leakage at 0 km (b) in the case of 
leakage at 3 km. 
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4. Conclusion 
In this paper, we investigated the effect of the various parameters on the detection time and the 
pressure changes to see which parameters have greater impact on them. From the sensitivity analyses, we 
showed that the permeability is the most influential to the output. In addition, the pressure-monitoring 
method at the upper formation of the CO2 storage layer in the injection well can be effectively applicable 
to various leakage scenarios with any parameters. However, the proposed method is not a method to 
detect CO2 leakage directly, and the efficiency of the method is also limited to the detection limit of the 
pressure sensors. Also, the method is not intended to locate leaking spots, either. Therefore, it should be 
combined with other monitoring programs. Nevertheless, the method is relatively cheap and easy to apply 
wherever a permeable upper formation exists. 
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